Saotome M, Katoh H, Yaguchi Y, Tanaka T, Urushida T, Satoh H, Hayashi H. Transient opening of mitochondrial permeability transition pore by reactive oxygen species protects myocardium from ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 296: H1125-H1132, 2009. First published February 6, 2009 doi:10.1152/ajpheart.00436.2008.-Reactive oxygen species (ROS) production during ischemia-reperfusion (I/R) is thought to be a critical factor for myocardial injury. However, a small amount of ROS during the ischemic preconditioning (IPC) may provide a signal for cardioprotection. We have previously reported that the repetitive pretreatment of a small amount of ROS [hydrogen peroxide (H2O2), 2 M] mimicked the IPC-induced cardioprotection in the Langendorff-perfused rat hearts. We further investigated the mechanisms of the ROS-induced cardioprotection against I/R injury and tested the hypothesis whether it could mediate the mitochondrial permeability transition pore (mPTP) opening. The Langendorff-perfused rat hearts were subjected to 35 min ischemia and 40 min reperfusion, and the pretreatment of H 2O2 (2 M) significantly improved the postischemic recoveries in left ventricular developed pressure, intracellular phosphocreatine, and ATP levels. A specific mPTP inhibitor cyclosporin A (CsA; 0.2 M) canceled these H2O2-induced effects. In isolated permeabilized myocytes, H 2O2 (1 M) accelerated the calcein leakage from mitochondria in a CsA-sensitive manner, indicating the opening of mPTP by H 2O2. However, H2O2 did not depolarize mitochondrial membrane potential (⌬⌿ m) even in the presence of oligomycin (F 1/F0 ATPase inhibitor; 1 M) and decreased mitochondrial Ca 2ϩ concentration ([Ca 2ϩ ]m) by accelerating the mitochondrial Ca 2ϩ extrusion via an mPTP. We conclude that the transient mPTP opening could be involved in the H2O2-induced cardioprotection against reperfusion injury, and the reduction of [Ca 2ϩ ]m without the change in ⌬⌿m might be a possible mechanism for the protection. energy metabolism; nuclear magnetic resonance spectroscopy; permeabilized myocytes; mitochondrial calcium ALTHOUGH THE GENERATION OF reactive oxygen species (ROS; e.g., superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals) are well-known factors leading to ischemia-reperfusion (I/R) injury, it has also been reported that ROS participated in ischemic preconditioning (IPC) and served as an ameliorating cardioprotective substrate against I/R injury (5, 26, 29) . The generation of ROS during brief and repetitive I/R is suggested to be a possible trigger for the initiation of IPC. However, despite previous intensive efforts, the precise mechanisms of endogenous ROS-mediated cardioprotection and how it mimics the IPC still remained elusive.
ALTHOUGH THE GENERATION OF reactive oxygen species (ROS; e.g., superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals) are well-known factors leading to ischemia-reperfusion (I/R) injury, it has also been reported that ROS participated in ischemic preconditioning (IPC) and served as an ameliorating cardioprotective substrate against I/R injury (5, 26, 29) . The generation of ROS during brief and repetitive I/R is suggested to be a possible trigger for the initiation of IPC. However, despite previous intensive efforts, the precise mechanisms of endogenous ROS-mediated cardioprotection and how it mimics the IPC still remained elusive.
Mitochondria have been identified as the target organelle responsible for the cell injury during I/R, since mitochondria are closely involved in a process of necrotic and apoptotic cell death through the mitochondrial permeability transition pore (mPTP) opening (14, 21, 24) . The opening and closing of mPTP are strictly regulated by multiple factors such as matrix pH, mitochondrial Ca 2ϩ concentration ([Ca 2ϩ ] m ), and mitochondrial membrane potential (⌬⌿ m ). Elevation of the intracellular ROS level is one of the most critical triggers for mPTP opening (3, 4, 12, 30) . Many reports have claimed that the reduction of ROS and/or the inhibition of subsequent mPTP opening as the most promising strategy for myocardial protection against reperfusion injury (12, 24, 28) . However, recent studies have indicated that the transient opening of (lowconductance mode) mPTP (15) (16) (17) could protect cells from irreversible injury (13) . In contrast with long-lasting mPTP opening (a high-conductance mode), the low-conductance mode of mPTP opening is thought to reduce the mitochondrial excessive metabolites and ions (especially Ca 2ϩ ), thus avoiding mitochondrial swelling, preventing the release the proapototic factors such as cytochrome c, and finally preserving the integrity of mitochondria (13, (15) (16) (17) .
We have already reported that in isolated hearts the repetitive treatment by H 2 O 2 (2 M) in the preischemic period significantly improved the recovery of cardiac contractile and metabolic function after reperfusion (29) . In this study, we have focused on the mechanism of myocardial protection against I/R injury by pretreatment with H 2 O 2 and tested the hypothesis that the transient mPTP opening is likely involved in this process. For this purpose, we monitored the left ventricular (LV) contractile parameters simultaneously with intracellular metabolites by 31 P-nuclear magnetic resonance ( 31 P-NMR) spectroscopy in Langendorff-perfused rat hearts during and after I/R. We have also investigated whether a small amount of ROS might be enough to open the mPTP in saponin-permeabilized rat ventricular myocytes by monitoring calcein leakage from mitochondrial matrix. The changes in ⌬⌿ m and [Ca 2ϩ ] m in permeabilized myocytes under the ROS application were further accessed by using a confocal laser scanning microscope.
MATERIALS AND METHODS
Heart perfusion. This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) and approved by Animal Care and Use Committee of Hamamatsu University School of Medicine. The isolated rat hearts were prepared as described previously (27, 29) . Briefly, male Sprague-Dawley rats (320 -400 g) were anesthetized by pentobarbital sodium (50 mg/kg), and hearts were immediately removed under heparin sodium (400 U/kg). Isolated hearts were retrogradely perfused in a noncirculating Langendorff apparatus with a modified Krebs-Henseleit (K-H) buffer at a constant pressure of 90 cmH 2O. The modified K-H buffer, which contained (in mM) 118 NaCl, 5.9 KCl, 1.2 MgSO 4, 1.25 CaCl2, 25 NaHCO 3, and 11 glucose, was continuously gassed with 95% O2-5% CO 2 (pH 7.4 at 37°C).
Measurement of cardiac performance. For continuous measurement of cardiac contractile performance, LV systolic pressure (LVSP) and LV end-diastolic pressure (LVEDP) were monitored on the polygraph. A water-filled latex balloon, which was connected to a pressure transducer (Nihon Kohden, Japan) via a polyethylene tube, was inserted into the left ventricle through the left atrium. During the initial equilibration a LVEDP was adjusted at 5-10 mmHg, and then the hearts were electrically paced at 5 Hz. The LV developed pressure (LVDP) was calculated as the difference between LVSP and LVEDP (i.e., LVDP ϭ LVSP Ϫ LVEDP).
31 P-NMR spectroscopy. The isolated rat heart was placed in a 17-mm NMR tube, which was mounted in a single-turn Helmholtz coil. The temperature around the heart was kept at 37°C by warming the sample tube with a heat-controlled water jacket.
31 P-NMR spectra were obtained at 109. 16 MHz by using a JEOL GSX 270 wide-bore NMR spectrometer (6.35 tesla; Nihon Denshi, Japan). The singleaveraged 296 scans of 45°broadband pulse (with a 1-s interpulse delay) were acquired, and each spectrum was obtained every 5 min. The intracellular contents of phosphocreatine (PCr) and ATP were determined from their respective peak area of methylene diphosphonate, which was enclosed in a capillary tube and fixed inside the sample tube.
Experimental protocols of perfused heart. As shown in Fig. 1 , four sets of experiment were performed for the measurements of LV pressure and 31 P-NMR. All of isolated hearts were allowed a stabilization period of at least 20 min before the treatment and were randomly assigned to the following treatment groups. In the preischemic phase, the hearts were perfused with either a modified K-H buffer alone [control (CTL)] or 2 cycles of H2O2 (2 M; 5 min each) in the absence (H2O2) and presence of cyclosporin A (CsA; 0.2 M, H2O2 ϩ CsA). After the pretreatment phase, all hearts were perfused once with a modified K-H buffer for 5 min to eliminate the pretreatment buffer and then subjected to 35 min of global ischemia followed by 40 min of reperfusion.
Isolation of single myocytes, saponin permeabilization, and Ca 2ϩ concentration in the internal solutions. Isolated myocytes were obtained from male Sprague-Dawley rats (250 -300 g), as described previously (19, 20 (23) . Calcein was excited at 488 nm, and emission was collected through a 505-550 nm band-pass filter.
⌬⌿m was monitored with a voltage-sensitive fluorescent indicator: tetramethylrhodamine ethyl ester (TMRE). Permeabilized myocytes were loaded with TMRE (20 nM) by 20 min perfusion of fluorescent dye in a Ca 2ϩ -free internal solution. TMRE was excited at 543 nm with a helium-neon laser, and the emission signals were collected through a 580 nm long-pass filter (23) .
To measure [Ca 2ϩ ]m, the myocytes were loaded with rhod 2/AM (20 M; a Ca 2ϩ indicator) for 60 min, and then the sarcolemmal membrane was permeabilized by saponin in a Ca 2ϩ -free internal solution. Rhod 2 was excited with the 514 nm line of argon laser, and images were acquired through a Ͼ560 nm long-pass filter (23) .
All experiments in the isolated cell study were performed with a laser scanning confocal microscope (LSM 510; Zeiss), which is coupled to an inverted microscope (Axiovert S100; Zeiss) with a 63ϫ water-immersion objective lens (numerical aperture ϭ 1.3; Zeiss). For the quantitative analysis of the signal changes, the fluorescent intensities at the identical regions of interest (20 ϫ 20 pixels) were monitored every 60 s.
Chemicals and data analyses. All chemicals were obtained from Sigma (St. Louis, MO), and fluorescent dyes were purchased from Molecular Probes (Eugene, OR). Data are presented as means Ϯ SE, and the number of cells or experiments is shown as n. Statistical analyses were performed using two-way ANOVA and Bonferroni test. A level of P Ͻ 0.05 was accepted as statistically significant.
RESULTS

CsA canceled the H 2 O 2 -induced contractile and metabolic recoveries after reperfusion.
To verify whether the mPTP opening is involved in the H 2 O 2 -induced cardioprotection, a specific mPTP inhibitor, CsA (0.2 M), was applied in the Langendorff-perfused hearts. In many previous reports, the cardioprotective effect by CsA against I/R injury was obtained when CsA was applied to inhibit the mPTP opening during reperfusion. However, in this study, CsA was applied in the preischemic period and was removed during I/R ( Fig. 1 ) to investigate the role of mPTP opening in the preischemic period. As described in Fig. 2 , in the CTL hearts, the LVDP promptly disappeared after ischemia and then gradually recovered after reperfusion. After 40 min of reperfusion, the LVDP recovery in the postischemic period showed a significant improvement in the H 2 O 2 -pretreated hearts (H 2 O 2 : 97.5 Ϯ 6.4 Fig. 1 . The experimental protocols of perfused hearts. All isolated rat hearts were subjected to 35 min of nonflow ischemia, followed by 40 min of reperfusion. In H2O2-pretreated hearts, H2O2 (2 M) was perfused (2 cycles of 5 min) in the preischemic period in either the presence or absence of cyclosporin A (CsA; 0.2 M). CsA was applied from 20 min before ischemia and was removed during ischemia-reperfusion (I/R). Next we focused on the changes in the metabolic parameters after reperfusion in the H 2 O 2 -pretreated heart with a 31 P-NMR spectroscopy ( Fig. 3 ). In the control heart, the PCr level dropped to zero during ischemia and then gradually recovered after reperfusion. and the left ventricular end-diastolic pressure (LVEDP; bottom) during I/R in the Langendorff-perfused rat hearts are shown. According to the experimental protocols, the isolated rat hearts were subjected to 35 min total ischemia, followed by 40 min reperfusion [control (CTL): E, n ϭ 8; H2O2: F, n ϭ 8; H2O2 
101 Ϯ 3% of the baseline; CTL: 99 Ϯ 2%), and ⌬⌿ m was preserved even under the high concentration of H 2 O 2 (100 M H 2 O 2 : 104 Ϯ 2% of the baseline). Since saponin-permeabilized myocytes require the extramitochondrial ATP supply to keep the cellular structures, an abundant ATP (3 mM), which is a composition of the internal solution, was continuously perfused in our experimental condition. This may have lead mitochondria to be able to maintain ⌬⌿ m by using the reversal mode of F 1 /F 0 -ATPase, in which ATP is converted to ADP to extrude H ϩ to the outside of mitochondrial matrix. Therefore, in Fig. 5 the mPTP opening (high-conductance mode of mPTP). In Fig. 7 , the calcein-loaded intact cells were pretreated with two cycles of low dose of H 2 O 2 (1 M) in the presence and absence of CsA (0.1 M). After H 2 O 2 and CsA were removed, the sarcolemmal membrane was permeabilized by saponin to monitor the mitochondrial calcein release. To mimic global ischemia (in Fig. 1 ) and to produce a fully opened mPTP, carbonyl cyanide p-trifluoromethoxyphenyhydrazone (FCCP; an uncoupler of mitochondrial respiratory chain; 0.3 M) was applied to a 300 nM Ca 2ϩ internal solution. As shown in Fig. 7 (5, 26, 29) , and the IPC-induced cardioprotection can be mimicked by the ROS exposure. Tritto et al. (26) have shown that pretreatment of oxygen radical (purine/xanthine) provided the beneficial effects in infarct size and the postischemic recovery of LV function as the similar level as IPC. We have also reported that the repetitive pretreatment of H 2 O 2 could mimic IPC and protect myocardium against I/R injury (29) . The involvement of ROS in the cardiac protective mechanism against reperfusion injury has been indicated both in IPC and pharmacological preconditioning (6, 13, 22) . Thus the ROS generation during the preconditioning phase is supposed to be a relevant signal initiator of preconditioning.
Mitochondria are the major sources of ROS generation through their respiratory chain and are also the target organelle of oxidative damages (12, 14, 24, 28, 30) . During I/R, the rapid and massive ROS generation after reperfusion facilitates mitochondria to open mPTP and promotes the necrotic or apoptotic cell death. From this point of view, the inhibition of mitochondrial permeability pore in the reperfusion phase has been considered to have a cardioprotective effect for the reperfusion injury. In fact, many reports have verified and supported this idea (12, 14, 24, 28) . However, in Figs. 2 and 3 , we showed that the pretreatment of an mPTP inhibitor, CsA, abolished the beneficial effects of H 2 O 2 (2 M) both in contractile and metabolic parameters. These results indicated that the opening of mPTP by H 2 O 2 in the preischemic period might serve cardioprotective effect against the reperfusion injury. Since CsA inhibits the Ca 2ϩ -activated protein phosphatase, calcineurin, as well, it is possible that CsA itself might impair the cardiac function and cancel the beneficial effects by H 2 O 2 . However, in the Langendorff-perfused hearts, CsA alone did not alter either LV function (LVDP: 54.1 Ϯ 14.2 mmHg vs. 52.0 Ϯ 11.2 mmHg of CTL; LVEDP: 69.7 Ϯ 9.1 mmHg vs. 63.5 Ϯ 5.6 mmHg of CTL) or metabolic parameters (PCr: 39 Ϯ 3% of the preischemic levels vs. 51 Ϯ 5% of CTL; ATP: 9 Ϯ 1% of the preischemic levels vs. 12 Ϯ 2% of CTL), indicating that the inhibitory effects of calcineurin by CsA could be negligible in our experimental condition.
To verify whether the low concentration of H 2 O 2 (1 M) would be enough to open the mPTP in the cell level, we monitored the calcein leakage from mitochondria by H 2 O 2 in saponin-permeabilized myocytes. We have already reported the method to assess mPTP opening by monitoring mitochondrial calcein signal, both in nonpermeabilized (19) and perme- abilized cardiac myocytes (23) . We concluded that small amount of H 2 O 2 (1 M) sufficiently opened mPTP in our experimental condition because the accelerated calcein leakage from mitochondrial matrix was CsA sensitive and the depletion of cytosolic Ca 2ϩ ([Ca 2ϩ ] c ϭ 0 nM) also abolished the mitochondrial calcein leakage by H 2 O 2 . In our experimental condition (Fig. 4) , the longer exposure of H 2 O 2 (Ͼ12 min) was required to obtain the significant difference in the calcein signals, whereas the beneficial effects were gained by the short and repetitive (2 cycles of 5 min) H 2 O 2 application in the Langendorff-perfused study (Figs. 2 and 3) . We considered it would be simply because of the technical limitation of the calcein experiment and speculated that the beneficial effect of H 2 O 2 through a transient mPTP opening would appear short term even in the permeabilized myocytes because the [Ca 2ϩ ] m decrease by H 2 O 2 was seen in a minute in Fig. 6A .
The opening of mPTP enables mitochondrial inner membrane to enter water and solutes up to 1,500 Da into matrix, which causes mitochondrial swelling, abrupt dissipation of ⌬⌿ m , and the release of cytochrome c or apoptosis inducing factor, which initiate apoptotic programmed cell death (3, 4) . Since the previous studies have shown that the opening of mPTP is highly regulated by many factors including ⌬⌿ m (3, 4) , it is important to know the properties of the ⌬⌿ m under the conditions of mPTP opening by H 2 O 2 (1 M). Interestingly, as shown in Fig. 5 , H 2 O 2 (1 M) did not alter ⌬⌿ m in permeabilized myocytes, indicating, at least, the absence of longlasting mPTP opening by H 2 O 2 . Since mitochondria can maintain ⌬⌿ m via the reversal mode of F 1 /F 0 ATPase, by which mitochondria extrude protons (H ϩ ) from matrix by consuming extramitochondrial ATP, mitochondria would become the consumer of intracellular ATP instead of the producer, under the pathophysiological condition such in ischemia (28) . To exclude the possibility that mitochondria maintained ⌬⌿ m via the reversal mode of F 1 /F 0 ATPase by using the extramitochondrial ATP (3 mM) in our experimental condition, we also estimated the change in ⌬⌿ m by H 2 O 2 under the inhibition of this process by using oligomycin (an inhibitor of F 1 /F 0 ATPase). In Fig. 5 , even in the presence of oligomycin, ⌬⌿ m was maintained during the application of H 2 O 2 (1 M). These results indicate that the low concentration of H 2 O 2 (1 M) was enough to open mPTP but protected ⌬⌿ m from depolarization in our experimental condition.
Emerging evidence have claimed the existence of lowconductance mode of mPTP opening, which is considered to excrete excessive metabolites (especially Ca 2ϩ ) to inhibit subsequent long-lasting high-conductance mPTP opening and to contribute to the cardioprotection against I/R injury (13, (15) (16) (17) . In contrast with long-lasting mPTP opening (high-conductance mode), the transient type of mPTP opening (low-conductance mode) is thought to preserve the intact mitochondrial metabolites and not to be accompanied with any mitochondrial swelling and the release of apoptotic factors (13, (15) (16) (17) . Since the H 2 O 2 -induced cardioprotection against reperfusion injury is mediated through the mPTP opening (Figs. 2 and 3) , and H 2 O 2 opened mPTP without altering in ⌬⌿ m (Figs. 4 and 5) , these results suggest that the low-conductance mode of mPTP opening could be involved in the mechanism of H 2 O 2 -induced cardioprotection against the reperfusion injury. Although the molecular weights of calcein (623 Da) and TMRE (613 Da) are similar, different reaction to H 2 O 2 can be seen in our results (Fig. 4 and 5) ; calcein is released from mitochondria by H 2 O 2 , whereas TMRE is retained within mitochondria. We consider that this different action to H 2 O 2 may be derived from the transient and reversibility of permeability of mitochondrial inner membrane, which is described as a distinctive phenomenon of low-conductance mode of mPTP (15, 18, 30) . Noncationic dye of calcein was released by the accelerated mitochondrial membrane permeability and did not show any recovery in dye intensity because of the absence of calein loading during measurement. A cationic dye of TMRE may also be released from mitochondria by the transient permeability. Jacobson and Duchen (18) have shown the spontaneous depolarization and recovery in ⌬⌿ m by low-conductance mode of mPTP opening, which was induced by mitochondrial oxidative stress, and they have also revealed the puffs of TMRE signal (local loss of fluorescent dye from a mitochondrion) around individual organelle when ⌬⌿ m was transiently depolarized (15, 30 2ϩ . It is well known that the mishandling of mitochondrial Ca 2ϩ homeostasis plays a pivotal role in I/R injury. The mitochondrial Ca 2ϩ overload during reperfusion enhances the ROS generation, raises the sensitivity of mPTP opening, and causes the necrotic or apoptotic cell death (2, 12, 28) . Therefore, recent reports have expected the reduction of excessive mitochondrial Ca 2ϩ accumulation during I/R as a possible strategy for reperfusion injury (12, 13, 28) . Under the physiological condition, the mitochondrial inner membrane keeps impermeability to cytoplasmic ions and maintains their [Ca 2ϩ ] m by the effective Ca 2ϩ transport pathways (1, 8, 23) . Ca 2ϩ accumulation into mitochondrial matrix is performed via a mitochondrial Ca 2ϩ uniporter (uniporter), which uses ⌬⌿ m as a driving force. Mitochondrial Ca 2ϩ efflux pathway mainly depends on a mitoNCX, and, in some part, the mPTP opening is also considered to contribute to the extrusion. We showed in this study that H 2 O 2 (1 M) decreased [Ca 2ϩ ] m by accelerating the mitochondrial Ca 2ϩ extrusion pathway, which is independent from mitoNCX and is sensitive to CsA, suggesting the involvement of mPTP opening (Fig. 6 ). Our findings may be compatible with previous studies (10, 11) (Fig. 7) . In this series of experiments, we have selected FCCP (an uncoupler of mitochondrial respiratory chain; 0.3 M) as an inducer of high-conductance mode of mPTP, since we have previously shown that FCCP dissipated ⌬⌿ m and fully opened mPTP under the 300 nM [Ca 2ϩ ] c in saponin-permeabilized cells (23) . As shown in Fig. 7 , we could not reproduce the beneficial effect (calcein retention) by H 2 O 2 pretreatment in this experimental condition. Our results are in agreement with previous studies (27, 29) , in which the beneficial effect was obtained only when an optimal preconditioning was carried out in an isolated heart. Further effort and investigation are required to generate optimal preconditioning by H 2 O 2 (duration and number of cycles) and to obtain the significant retention of mitochondrial calcein in permeabilized myocytes.
Conclusion
We conclude that, in Langendorff-perfused rat hearts and permeabilized rat ventricular myocytes, the IPC-like cardioprotection by H 2 O 2 against I/R injury could be mediated by a transient mPTP opening.
